Three tests were carried out with the ROSA/LSTF (rig of safety assessment/large-scale test facility), which simulated accident management (AM) measures during station blackout transient with loss of primary coolant under assumptions of nitrogen gas inflow and total failure of high-pressure injection system in a pressurized water reactor. As the AM measures, steam generator (SG) secondary-side depressurization was done by fully opening the relief valves in both SGs, and auxiliary feedwater was injected into the secondary-side of both SGs simultaneously. Conditions for the break size and the onset timing of the AM measures were different among the three LSTF tests. In the three LSTF tests, the primary pressure decreased to a certain low pressure of below 1 MPa with or without the primary depressurization by fully opening the relief valve in a pressurizer as an optional AM measure, while no core uncovery took place through the whole transient. Nonuniform flow behaviors were observed in the SG U-tubes under natural circulation (NC) with nitrogen gas depending probably on the gas accumulation rate in the two LSTF tests that the gas accumulated remarkably. The RELAP5/MOD3.3 code predicted most of the overall trends of the major thermal hydraulic responses observed in the three LSTF tests. The code, however, indicated remaining problems in the predictions of the primary pressure, the SG U-tube collapsed liquid levels, and the NC mass flow rate after the nitrogen gas ingress as well as the accumulator flow rate through the analyses for the two LSTF tests, where the remarkable gas accumulation occurred.
Introduction
In the earthquake and tsunami-induced station blackout (SBO) accident at the Fukushima Daiichi boiling water reactor, water was alternatively injected into the reactor as a flexible applied action utilizing fire engines due to loss of the core cooling functions [1] . The effectiveness of accident management (AM) measures should be considered for longterm core cooling under conditions of severe multiple system failures similar to the Fukushima Daiichi accident. Steam generator (SG) secondary-side depressurization through the SG valve(s) is one of major AM measures to cool and depressurize the primary system via natural circulation (NC) because of steam condensation in the SG U-tubes especially when high-pressure injection system of emergency core cooling system (ECCS) is totally failed during accidents and transients in a pressurized water reactor (PWR). Several studies [2] [3] [4] [5] [6] have been conducted to investigate thermal hydraulic responses in SBO scenarios with AM measures of PWRs by calculations with best-estimate computer codes. Some researchers [7, 8] have analyzed loss of primary coolant and SBO events in PWRs employing severe accident computer codes, but under the condition modeling for the pressure vessel internals except the core and the downcomer was more simplified than that in the best-estimate computer codes. Meanwhile, there have been some experimental researches on the PWR SBO scenarios with AM measures by using such integral test facilities as the PSB for VVER in Russia [9] and the PKL for Vorkonvoi-type PWR in Germany [10] . The experimental data, however, would be insufficient to clarify the AM measures effectiveness due to such atypical features as small volume and low pressure in the primary system.
Yoshihara [12] has put forward that accumulator (ACC) system of ECCS should be isolated by the closure of motoroperated valves located at the outlet of ACC tanks utilizing emergency power generators when the primary pressure decreases to a certain low pressure during PWR SBO transient with leakage from primary coolant pump seal. This prevents noncondensable gas (nitrogen gas) used for pressurization of ACC tanks from entering the primary system. If the isolation of ACC system is failed after the coolant injection initiation, ingress of nitrogen gas to the primary system takes place following the completion of ACC coolant injection, suggesting that degradation in the condensation heat transfer in the SG U-tubes should affect the core cooling [13, 14] . The nitrogen gas enters cold legs through ECCS nozzles first and then migrates to hot legs through the vessel downcomer and hot leg leak simulating lines that connect the downcomer to the hot legs, as shown in Figure 1 . The nitrogen gas in the downcomer may flow into the vessel upper head. The nitrogen gas from the hot legs and the SG inlet plena accumulates in the SG U-tubes.
We [11, 15] have performed two simulation tests on AM measures during PWR SBO transient with or without the pump seal leakage (simulated by 0.1% cold leg break) [16] utilizing the large-scale test facility (LSTF) [17] in the rig of safety assessment (ROSA) program at Japan Atomic Energy Agency. The LSTF simulates a Westinghouse-type four-loop 3423 MW (thermal) PWR by a full-height and 1/48 volumetrically scaled two-loop system. The two LSTF tests assumed nitrogen gas inflow and total failure of high-pressure injection system regarding the severe multiple system failures. We considered the AM measures to depressurize SG secondary-side system by fully opening the safety valves in both SGs with the start of core uncovery first and then to inject coolant into the secondary-side of both SGs at low pressures taking the availability of fire engines into account. However, there were scarcely experimental data to understand the degradation in the primary depressurization due to nitrogen gas ingress under the NC when the primary pressure decreases to below 1 MPa assuming the use of systems relying on the low-head pumps.
In this study, we carried out three tests with the LSTF simulating AM measures during PWR SBO transient with loss of primary coolant under assumptions of nitrogen gas inflow and totally failed high-pressure injection system concerning the severe multiple system failures in [2015] [2016] [2017] . This study focused on nitrogen gas behavior during the NC when the primary pressure decreases to below 1 MPa. As the AM measures, we considered that the SG secondary-side depressurization was done by fully opening the relief valves in both SGs, and auxiliary feedwater (AFW) was injected into the secondary-side of both SGs by utilizing the turbinedriven pump at the same time. Table 1 shows the major test conditions. Conditions for the break size and the onset timing of the AM measures were different among the three LSTF tests. In a test denoted as TR-LF-18, the AM measures were initiated 10 min after 0.5% cold leg break. In a test denoted as TR-LF-17, the AM measures were started 20 min after 0.2% cold leg break. The conditions for the two tests were defined based on the small-break size and the delay of the operator's AM actions. In a test denoted as TR-LF-16, the AM measures were initiated simultaneously with 0.1% cold leg break, taking account of the pump seal leakage and the safety assurance measures by the PWR electric utilities in Japan [12] . We compared the results of the three LSTF tests mutually to make clear the influences of the break size and the onset timing of the AM measures. We analyzed further the three LSTF tests by using RELAP5/MOD3.3 code [18] to clarify the remaining subjects. This paper is concerned with the major results from the three LSTF tests and the posttest analyses with the RELAP5 code.
ROSA/LSTF
The ROSA/LSTF simulates a Westinghouse-type four-loop 3423 MW (thermal) PWR using a two-loop system model with full-height and 1/48 in volume. The reference PWR is Tsuruga Unit-2 of Japan Atomic Power Company. Figure 2 shows the schematic view of the LSTF that is composed of a pressure vessel, pressurizer (PZR), and primary loops. Each loop includes an active SG, primary coolant pump, and hot and cold legs. Loops with and without PZR are designated as loop A and loop B, respectively. Each SG is furnished with 141 full-size U-tubes (inner diameter of 19.6 mm, nine different lengths as shown in Table 2 ), inlet and outlet plena, boiler section, steam separator, steam dome, steam dryer, main steam line, four downcomer pipes, and other internals. Six U-tubes are instrumented for each SG. Instrumented tubes designated as tubes 1 and 6 are short tubes (type 1 in Table 2 ), tubes 2 and 5 are medium tubes (type 5), and tubes 3 and 4 are long tubes (type 9). The hot and cold legs of 207 mm in inner diameter are sized to conserve Science and Technology of Nuclear Installations 3 the volumetric scale (2/48) and the ratio of the length to the square root of pipe diameter to better simulate the flow regime transitions in the primary loops (Froude number basis) [19] . The time scale of simulated thermal hydraulic phenomena is one to one to that in the reference PWR. The LSTF core, 3.66 m in active height, consists of 1008 electrically heated rods in 24 rod bundles to simulate the fuel rod assembly in the reference PWR. This preserves the heat transfer characteristics of the core. The axial core power profile is a nine-step chopped cosine with a peaking factor of 1.495. The LSTF initial core power of 10 MW corresponds to 14% of the volumetric-scaled (1/48) PWR nominal core power because of a limitation in the capacity of power supply. [20] in addition to heat losses. The radial core power profile was assumed to be flat. The LSTF core power was maintained at the initial value of 10 MW for 18 s after the scram signal. The LSTF core power began to decay afterwards according to the specified core power. To obtain prototypical initial fluid temperature with this core power, core flow rate was set to 14% of the scaled nominal flow rate. Initial SG secondary-side pressure was raised to 7. Regarding the ECCS conditions, high-pressure injection system was totally failed. ACC system automatically initiated coolant injection into cold legs in both loops when the primary pressure decreases to 4.51 MPa according to the reference PWR. The ACC injection temperature of 320 K was the same as that in the reference PWR. As the AM measures, the SG secondary-side depressurization was done by fully opening the relief valves (inner diameter of 16.2 mm each) in both SGs, and the AFW was injected into the secondaryside of both SGs at the same time. The AFW flow rate was at a constant value of 0.7 kg/s for each SG until the SG secondaryside collapsed liquid level reached a certain high level and was controlled to keep the certain high level thereafter. This value of 0.7 kg/s corresponds to the volumetric-scaled rate of the reference PWR. The AFW temperature of 310 K was the same as that in the reference PWR. Coolant was injected from lowpressure injection system of ECCS into cold legs in both loops after the primary pressure decreases to a certain low pressure of below 1 MPa.
3.

RELAP5 Calculation Conditions.
For each of the three LSTF tests, the break was simulated with a sharp-edge orifice. The posttest analysis was conducted by employing the RELAP5/MOD3.3 code with a two-phase critical flow model, which has been proposed by Asaka et al. [21] , to well predict the discharge rate through the sharp-edge orifice. The model employs the Bernoulli incompressible orifice flow equation with a discharge coefficient ( ) of 0.61 for singlephase discharge liquid [22] and the maximum bounding flow theory for two-phase discharge flow [23] . This flow theory assumes that no phase change occurs at all along the flow and that the local slip ratio is equal to ( / ) 1/3 , where is the fluid density. A value of of 0.84 was used for single-phase discharge steam [24] . Uncertainties should be included in the maximum bounding flow theory model for the prediction of two-phase break flow rate. To well predict the break flow rate, we adjusted for two-phase discharge flow to 0.45, 0.55, and 0.61, respectively, for the analyses of TR-LF-18, TR-LF-17, and TR-LF-16 tests. Figure 3 shows a noding schematic of LSTF for RELAP5 analysis. The LSTF system was modeled in one-dimensional manner including a pressure vessel, primary loops, PZR, SGs, and SG secondary-side system. The SG U-tubes were modeled by nine parallel flow channels that correspond to the nine different lengths of U-tubes, namely, 24 nodes for short-to-medium tubes (straight length of 9.44 m to 9.89 m, four cases in Table 1 ) and 26 nodes for medium-to-long tubes (straight length of 10.04 m to 10.64 m, five cases), for better prediction of the nonuniform flow behavior among the SG Utubes under NC [25, 26] , as observed in the three LSTF tests (to be mentioned in Sections 4.2, 5.2, and 6.2). The core was represented by nine equal-height volumes that are vertically stacked according to nine-step chopped cosine power profile along the length of the core. The PZR was represented by ten vertical nodes to simulate the corresponding facility configuration. Other initial and boundary conditions were determined according to the LSTF test data.
In the RELAP5 code, the condensation heat transfer against influences of noncondensable gas is calculated by using the maximum value between the estimations based on the Shah model for turbulent flow [27] and on the Nusselt model for laminar flow [28] with the multipliers of the Vierow-Schrock correlation [29] . The multipliers concern the heat transfer degradation expressed as a function of gas mass fraction, which includes effects of the interfacial shear and the gas presence in a vertical tube at low pressures.
TR-LF-18 Test and RELAP5 Code Analysis
TR-LF-18 Test
Conditions. The break was simulated by using a 7.2 mm inner diameter sharp-edge orifice, horizontally mounted at the downstream of a horizontal pipe that was connected to the cold leg wall. The orifice size corresponds to 0.5% of the volumetrically scaled cross-sectional area of the reference PWR cold leg. The SG secondary-side depressurization and the AFW injection into the SG secondary-side were initiated as the AM measures 10 min after the break. Table 3 summarizes the chronology of major events in the TR-LF-18 test. Figures 4-11 show the major phenomena observed in the TR-LF-18 test. Break flow rate is derived from differential of time-integrated break flow evaluated from the liquid level increase in the break flow storage tank. The break flow rate roughly decreased stepwise when the break flow changed from single-phase liquid to two-phase flow at about 340 s first and then to single-phase vapor at around 6000 s (Figure 4) . The primary pressure began to decrease after the break, whereas the SG secondary-side pressure increased to 8 MPa until the onset of the AM measures after the closure of the SG main steam isolation valves following the scram signal ( Figure 5 ). The SG secondary-side pressure fluctuated between 8.03 MPa and 7.82 MPa due to cycle opening of the SG relief valves. The primary pressure decreased to the SG secondary-side pressure at around 450 s, implying that the AM measures may be ineffective to depressurize the primary system if the AM measures are initiated before around 450 s. The primary pressure followed the SG secondary-side pressure after the AM measures onset, which caused the actuation of ACC system ( Figure 6 ). The SG secondary-side collapsed liquid level greatly decreased after the onset of the SG secondary-side depressurization and gradually recovered by the AFW injection into the SG secondary-side after around 2000 s (Figure 7 ). The NC was established in both primary loops after the stop of the primary coolant pumps. The NC mass flow rate decreased almost to zero before the start of the ACC coolant injection (Figure 10 ), while coolant still remained in the SG U-tubes (Figures 8 and 9 ). Oscillation and no complete drain of coolant in the SG U-tubes may imply that two-phase NC may continue in some of U-tubes. The NC mass flow rate recovered following an increase in the primary mass inventory due to the ACC coolant injection (Figure 10 ). After the termination of the ACC coolant injection, the NC mass flow rate decreased somewhat differently in two loops depending probably on the different voiding conditions in the U-tubes between the two SGs. The collapsed liquid levels greatly decreased in most of the instrumented U-tubes after the nitrogen gas ingress, while two-phase NC continued with nitrogen gas through some of U-tubes (Figures 8 and 9 ). In the instrumented U-tubes (6 out of 141), different types of flow coexisted such as type of rapid coolant drain probably due to the nitrogen gas accumulation and type of continuous twophase NC with nitrogen gas in one short tube (tube 1) of SG in loop A. Figure 11 shows the measured fluid temperatures near the top of instrumented U-tubes shown in Table 2 in loop A, taking account of the gas phase in the U-tubes after the completion of the ACC coolant injection (Figure 6 ). The fluid temperatures were compared with the saturated temperature on the basis of the vessel upper plenum pressure as reference. The local gas phase temperatures near the top of the instrumented U-tubes other than one short tube (tube 1) became below the saturated temperature after around 3760 s, suggesting that nitrogen gas should accumulate in most of the SG U-tubes. The pressure difference became a little larger between the primary and the SG secondary sides because the nitrogen gas accumulated remarkably in the SG U-tubes after the termination of the ACC coolant injection ( Figure 6 ). However, the primary pressure decreased to a certain low pressure of below 1 MPa probably due to the discharge of a part of nitrogen gas through the break. The NC and the AM measures contributed to maintain the core cooling effectively because of no core uncovery through the whole transient. The primary pressure was 0.87 MPa just before the coolant injection started from the low-pressure injection system into both the cold legs at 8700 s.
Major Phenomena Observed in TR-LF-18 Test.
Comparison of Calculated Results with TR-LF-18 Test
Data. The RELAP5/MOD3.3 code predicted mostly the overall trends of the major thermal hydraulic responses observed in the TR-LF-18 test. No core uncovery was reproduced through the whole transient. The code predicted the break flow rate reasonably well (Figure 4 ). In the calculated result, the reproduced primary depressurization worsened due to the nitrogen gas accumulation in the SG U-tubes ( Figure 5 ). The SG secondary-side pressure was calculated reasonably well. The code, however, underpredicted the primary pressure after the nitrogen gas inflow, which may be caused by the overestimation in the condensation heat transfer in the SG U-tubes. The ACC flow rate was roughly predicted, though with significant fluctuation (Figure 6 ), due to influences of steam condensation in the cold leg volume where fluctuation occurred in the pressure. The ACC flow rate was larger in the calculation compared to the LSTF test, which caused larger fluctuation in the NC mass flow rate ( Figure 10 ). The code underpredicted a little the SG secondary-side collapsed liquid level after around 3000 s (Figure 7 ). The code roughly calculated a tendency of coolant drain in some of U-tubes after the nitrogen gas ingress (Figures 8 and 9 ). In the calculation, however, the collapsed liquid levels monotonically decreased with rather same drain rate among the U-tubes in both SGs. The trends of the collapsed liquid levels in the SG U-tubes in the calculation were similar to that in one short tube (tube 1) for loop A. The SG U-tube liquid levels almost became lost later in the calculation compared to the LSTF test for loop B. After the nitrogen gas inflow, the NC mass flow rate was not properly calculated ( Figure 10 ) probably due to some discrepancies between the calculation and the LSTF test for the SG U-tube collapsed liquid levels. The combination of the break size and the onset timing of the AM measures (i.e., the SG secondary-side depressurization and the AFW injection into the SG secondary-side) may affect the core collapsed liquid level, thus the cladding surface temperature. The occurrence probability of core uncovery and heatup should be higher as the break size is larger and the AM measures are initiated later. We performed sensitivity analysis based on the posttest analysis with the RELAP5 code in the case of the SBO transient with 0.5% cold leg break. The primary pressure decreased to the SG secondary-side pressure, while the SG secondary-side pressure fluctuated between 8.03 MPa and 7.82 MPa due to the cycle opening of the SG relief valves (Figure 12 ). Core temperature excursion would happen due to loss of the primary mass inventory through the break if no AM measures are taken until about 50 min after the break, while the primary pressure was kept constant at around 8 MPa ( Figure 13 ). We assumed that the AM measures are initiated 60 min after the break following the start of core uncovery to investigate the influences of the AM measures on the core cooling. After the AM measures onset, the primary pressure decreased with a decrease in the SG secondary-side pressure, which caused the ACC system actuation ( Figure 12) . Locations of the nodes of Positions 7 and 9, respectively, correspond to about 2.4-2.8 m and 3.2-3.6 m above the core bottom. The peak cladding temperature appeared at the node of Position 7, while the cladding surface temperature decreased later at the node of Position 9 than at the node of Position 7. The whole core was quenched because of an increase in the core collapsed liquid level due to the ACC coolant injection ( Figure 13 ). The sensitivity analysis result by the RELAP5 code confirmed that the AM measures are effective for the core cooling. 
TR-LF-17 Test and RELAP5 Code Analysis
TR-LF-17 Test Conditions.
The break was simulated by employing a 4.6 mm inner diameter sharp-edge orifice, horizontally mounted at the downstream of a horizontal pipe that was connected to the cold leg wall. The orifice size corresponds to 0.2% of the volumetrically scaled cross-sectional area of the reference PWR cold leg. The SG secondary-side depressurization and the AFW injection into the SG secondary-side were started as the AM measures 20 min after the break. Table 3 . The major phenomena observed in the TR-LF-17 test are shown in Figures 14-22 . The break flow turned from single-phase liquid to two-phase flow at about 660 s, which caused a decrease in the break flow rate, and then to single-phase vapor at around 9800 s ( Figure 14) . The primary pressure decreased to the SG secondary-side pressure at around 1000 s (Figure 15 ), which was later than in the TR-LF-18 test, implying that the AM measures may be ineffective for the primary depressurization if the AM measures are started before around 1000 s. During the time period around 40-530 s, the SG secondary-side pressure fluctuated between 8.7 MPa and 7.3 MPa due to unexpected failure of setting the pressures for the cycle opening of the SG relief valves, but there were no significant effects on the primary pressure. The primary pressure decreased following a decrease in the SG secondary-side pressure after the AM measures onset, which led to the ACC system actuation ( Figure 16 ). A great decrease started in the SG secondary-side collapsed liquid level after the onset of the SG secondary-side depressurization, and a gradual level recovered in the SG secondary-side because of the AFW injection into the SG secondary-side after around 2400 s (Figure 17 ). The NC mass flow rate became close to zero before the ACC coolant injection initiation and recovered after an increase in the primary mass inventory by the ACC coolant injection (Figure 20) . After the ACC coolant injection termination, the NC mass flow rate decreased differently in two loops depending probably on the drain conditions of coolant in the U-tubes between the two SGs rather than in the TR-LF-18 test. After the nitrogen gas ingress, the water column rapidly drained in the instrumented U-tubes of both SGs in nonuniform manner (Figures 18 and 19) . The SG U-tubes became voided because of the nitrogen gas accumulation during the time period around 5300-8000 s in loop A and during the time period around 5300-7260 s in loop B. Figure 22 shows the measured fluid temperatures near the top of instrumented U-tubes in loop A, being compared with the saturated temperature. The degree of subcooling near the top of two short tubes (tubes 1 and 6) was smaller than that near the top of other tubes by around 5200 s. This suggests that two-phase NC with nitrogen gas should continue in the two short tubes. Large pressure difference appeared between the primary and SG secondary sides because the remarkable nitrogen gas accumulation occurred in the SG Utubes after the ACC coolant injection completion (Figure 15 ). The primary depressurization rate was smaller than in the TR-LF-18 test probably because the amount of the nitrogen gas discharged through the break was small. An optional AM measure was initiated by fully opening the PZR relief valve (inner diameter of 10.18 mm) at 9400 s to enhance the primary depressurization, which caused that the primary pressure decreased to a certain low pressure of below 1 MPa ( Figure 15 ) and an increase occurred in the PZR liquid level (Figure 21 ). The NC and the AM measures were confirmed to be effective for the core cooling because of no core uncovery through the whole transient. The primary pressure was 0.94 MPa just before the coolant was injected from the lowpressure injection system into both the cold legs at 14400 s.
Major Phenomena Observed in TR-LF-17 Test. The chronology of major events in the TR-LF-17 test is summarized in
Comparison of Calculated Results with TR-LF-17 Test
Data. Most of the overall trends of the major thermal hydraulic responses observed in the TR-LF-17 test were predicted by the RELAP5/MOD3.3 code. The calculated result reproduced no core uncovery through the whole transient. The break flow rate was predicted reasonably well (Figure 14) . In the calculated result, the reproduced primary depressurization rate decreased due to the nitrogen gas accumulation in the SG U-tubes (Figure 15) . Only in the calculation, we unchanged the setpoint pressures for the cycle opening of the SG relief valves. The SG secondary-side pressure was properly calculated after the SG secondary-side depressurization onset. The primary pressure, however, was underpredicted after the nitrogen gas inflow probably due to the overestimation in the condensation heat transfer in the SG U-tubes. The primary depressurization by fully opening the PZR relief valve as the optional AM measure was started at 9000 s in the calculation, whereas it was initiated at 9400 s in the LSTF test. After the optional AM measure onset, the PZR liquid level was roughly calculated, though with large fluctuation ( Figure 21 ). The code roughly calculated the ACC flow rate, though with significant fluctuation (Figure 16 ). The ACC flow rate in the calculation was larger than that in the LSTF test, which led to larger fluctuation in the NC mass flow rate ( Figure 20) . The SG secondary-side collapsed liquid level was a little overpredicted during the time period around 1300-4000 s, while it was slightly underpredicted during the time period around 5600-8000 s (Figure 17 ). The code roughly predicted the trends of the collapsed liquid levels in the SG U-tubes (Figures 18 and 19) . The code calculation, however, showed that the collapsed liquid levels monotonically dropped with rather same drain rate among the U-tubes in both SGs. The SG U-tubes became empty of liquid later in the calculation compared to the LSTF test. After the nitrogen gas ingress, the code did not properly calculate the NC mass flow rate ( Figure 20 ) probably due to some differences between the calculation and the LSTF test for the SG U-tube collapsed liquid levels.
When PWR accidents are analyzed using best-estimate computer codes, simplified input models are usually employed such that many U-tubes in each SG are lumped into one equivalent tube in view of reducing the calculation time [30] . However, the simplified input models are inapplicable to the PWR accidents where nonuniform flow happens among the U-tubes under NC. In the posttest analyses for the TR-LF-18 and TR-LF-17 tests, the trend of coolant drain was roughly calculated in some of U-tubes after the nitrogen gas inflow (shown in Figures 8, 9, 18, and 19 ) by modeling the SG Utubes with nine parallel flow channels in which nine tubes with different lengths were simulated by 24 or 26 nodes. A detailed modeling of the SG U-tubes with fine-mesh multiple parallel flow channels would thus be necessary when such complex NC phenomena with nitrogen gas are included in the PWR accidents.
TR-LF-16 Test and RELAP5 Code Analysis
TR-LF-16 Test Conditions.
The break was simulated by using a 3.4 mm inner diameter sharp-edge orifice, upwardly mounted at the downstream of a horizontal pipe that was connected to the cold leg wall. The orifice size corresponds to 0.1% of the volumetrically scaled cross-sectional area of the reference PWR cold leg. The AM measures (i.e., the SG secondary-side depressurization and the AFW injection into the SG secondary-side) were initiated simultaneously with the break. Table 3 summarizes the chronology of major events in the TR-LF-16 test. Figures 23-30 show the major phenomena observed in the TR-LF-16 test. The break flow became in two-phase flow after about 1150 s, which led to a decrease in the break flow rate (Figure 23) . Extremely small size of break caused a slow primary depressurization ( Figure 24) . By contrast, a great decrease started in the SG secondary-side pressure concurrently with the break. The primary pressure thus was higher than the SG secondary-side pressure through the whole transient. The ACC system actuated later than in the TR-LF-18 test (Figure 25 ), whereas the AM measures were started much earlier than in the TR-LF-18 test. In the case of the SBO transient with 0.1% cold leg break, the effective AM measures may be possible to depressurize the primary system if the AM measures are initiated after around 2000 s, referring to the result of the previous LSTF test [15] on the PWR SBO transient with the pump seal leakage (simulated by 0.1% cold leg break). The SG secondary-side collapsed liquid level began to decrease simultaneously with the break and gradually recovered through the AFW injection into the SG secondary-side after around 2000 s (Figure 26 ). The NC mass flow rate recovered with an increase in the primary mass inventory because of the ACC coolant injection and remained constant at a certain low flow rate after the ACC coolant injection termination ( Figure 29 ). The U-tubes of both SGs were mostly filled with water even after the ACC coolant injection completion due to the extremely smallbreak size (Figures 27 and 28 ). An optional AM measure was initiated by fully opening the PZR relief valve (10.18 mm in inner diameter) at 12520 s for the enhanced primary depressurization because the primary pressure decreased much slower than in the TR-LF-18 test. The optional AM measure caused the primary pressure to decrease to a certain low pressure of below 1 MPa ( Figure 24 ) and an increase occurred in the PZR liquid level (Figure 30 ). Most of nitrogen gas was discharged through the PZR relief valve and the break because of the almost full SG U-tubes at the ACC coolant injection termination, and thus there were no effects of nitrogen gas on the primary depressurization. After the optional AM measure onset, a great level drop started in the instrumented U-tubes of both SGs in nonuniform manner (Figures 27 and 28) , which caused asymmetric NC between two loops ( Figure 29 ). The drain rates of coolant in the instrumented U-tubes in loop B were larger than those in loop A due to the break effect. The drain rate of coolant in one short tube (tube 6) was the largest and that in one medium tube (tube 2) was the smallest for loop A. One medium tube (tube 2) became empty of liquid, the latest for loop B. The NC played an important role in the core cooling because of no core uncovery through the whole transient. The primary pressure was 0.92 MPa just before the coolant injection started from the low-pressure injection system into both the cold legs at 17220 s. 
Major Phenomena Observed in TR-LF-16 Test.
Comparison of Calculated Results with TR-LF-16 Test
Data. The RELAP5/MOD3.3 code predicted mostly the overall trends of the major thermal hydraulic responses observed in the TR-LF-16 test. No core uncovery was reproduced through the whole transient. The primary pressure was a little overpredicted probably due to some discrepancies between the calculation and the LSTF test for the break flow rate and the ACC flow rate (Figures 23-25 ). By contrast, the SG secondary-side pressure was calculated reasonably well ( Figure 24 ). The primary depressurization by fully opening the PZR relief valve as the optional AM measure was started at 11000 s in the calculation, whereas it was initiated at 12520 s in the LSTF test. After the optional AM measure onset, the primary pressure decreased to the SG secondary-side pressure earlier in the calculation compared to the LSTF test (Figure 24 ). After the optional AM measure onset, the PZR liquid level was roughly predicted, though with large fluctuation ( Figure 30 ). The code calculation showed that the ACC flow rate was larger with significant fluctuation compared to the LSTF test ( Figure 25 ). The SG secondary-side collapsed liquid level was predicted reasonably well ( Figure 26 ). After the optional AM measure onset, in the calculated result, the reproduced collapsed liquid levels greatly dropped in most of the SG U-tubes (Figures 27 and 28 ). In the calculation, however, the collapsed liquid levels monotonically decreased with rather same drain rate among the U-tubes in both SGs. The trends of the collapsed liquid levels in the SG U-tubes were similar to that in one short tube (tube 6) for loop A, while they were similar to that in one medium tube (tube 2) for loop B. After the optional AM measure onset, the code failed to calculate the asymmetric NC mass flow rate between two loops with no significant increase ( Figure 29 ) probably due to some differences between the calculation and the LSTF test for the SG U-tube collapsed liquid levels.
Conclusions
Three ROSA/LSTF tests were carried out simulating AM measures during PWR SBO transient with loss of primary coolant under assumptions of nitrogen gas ingress and totally failed high-pressure injection system. The AM measures were SG secondary-side depressurization by fully opening the relief valves in both SGs and AFW injection into the secondary-side of both SGs simultaneously. The results of the three LSTF tests were compared mutually to make clear the influences of the break size and the onset timing of the AM measures. The results of the three LSTF tests were compared with the posttest analysis results by the RELAP5/MOD3.3 code to clarify the remaining subjects. Major results are summarized as follows:
(1) In the three LSTF tests, the primary pressure decreased to a certain low pressure of below 1 MPa with or without the primary depressurization by fully opening the PZR relief valve as the optional AM measure, while no core uncovery took place through the whole transient. Nonuniform flow occurred among the SG U-tubes under NC with nitrogen gas depending probably on the gas accumulation rate in the TR-LF-18 and TR-LF-17 tests that the gas accumulated remarkably. The primary depressurization rate was smaller in the TR-LF-17 test than in the TR-LF-18 test probably because the amount of the nitrogen gas discharged through the break was small. In the TR-LF-16 test, most of nitrogen gas was discharged through the PZR relief valve and the break because of the almost full SG U-tubes at the ACC coolant injection completion due to the extremely small size of break, which resulted in no effects of nitrogen gas on the primary depressurization. (2) The RELAP5/MOD3.3 code predicted most of the overall trends of the major thermal hydraulic responses observed in the three LSTF tests. Some discrepancies from the measured data, however, appeared in the SG U-tube collapsed liquid levels and the NC mass flow rate after the nitrogen gas inflow as well as the ACC flow rate through the analyses for the TR-LF-18 and TR-LF-17 tests that the remarkable gas accumulation occurred. The code also underpredicted the primary pressure after the nitrogen gas ingress, which may be caused by the overestimation in the condensation heat transfer in the SG U-tubes.
The obtained experimental database on the SBO with loss of primary coolant will be helpful in considering appropriate safety assurance measures in PWR accident scenarios taking severe multiple system failures into account and in improving the understanding of the degradation in the primary depressurization due to nitrogen gas ingress under NC when the primary pressure decreases to below 1 MPa. An insight was obtained from the posttest analyses by the RELAP5 code that detailed modeling of SG U-tubes with fine-mesh multiple parallel flow channels would be needed in case of PWR accidents where nonuniform flow happens among the U-tubes under NC. 
Data Availability
The LSTF (large-scale test facility) tests were conducted under the auspices of Nuclear Regulation Authority, Japan (NRA). Therefore, the experimental data, shown in Figures  4-30 as well as Table 3 of the manuscript, used to support the findings of this study have not been made available because of the restriction by the NRA. Other data, including calculated results by RELAP5/MOD3.3 code, used to support the findings of this study are available from the corresponding author (Takeshi Takeda) upon request. 
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